A meteor radar in the UK (near 52 • N) has been used to measure the mean winds of the mesosphere/lowerthermosphere (MLT) region over the period 1988-2000. The seasonal course and interannual variability is characterised and comparisons are made with a number of models. Annual mean wind trends were found to be +0.37 ms −1 yr −1 for the zonal component and +0.157 ms −1 yr −1 for the meridional component. Seasonal means revealed significant trends in the case of meridional winds in spring (+0.38 ms −1 yr −1 ) and autumn (+0.29 ms −1 yr −1 ), and zonal winds in summer (+0.48 ms −1 yr −1 ) and autumn (+0.38 ms −1 yr −1 ). Significant correlation coefficients, R, between the sunspot number and seasonal mean wind are found in four instances. In the case of the summer zonal winds, R = +0.732; for the winter meridional winds, R = −0.677; for the winter zonal winds, R = −0.472; and for the autumn zonal winds R = +0.508.
Introduction
The general circulation of the mesosphere/lowerthermosphere (MLT) region is profoundly influenced by the deposition of momentum by waves ascending from lower heights. This momentum transfer leads to departures from the purely zonal geostrophic flow predicted by the consideration of radiative equilibrium alone. In particular, this "wave driving" results in significant ageostrophic meridional flows, which in turn, by continuity requirements, produce slow but sustained up-welling and down-welling in the mesosphere. The consequent adiabatic heating and cooling caused by these vertical motions forces the temperature structure away from the radiative equilibrium state and results in non-radiative equilibrium zonal winds. There is thus an intimate coupling between the upward flux Correspondence to: H. R. Middleton (hrm@aber.ac.uk) of atmospheric waves, the temperature structure and the mean winds of the MLT region. A full understanding of the MLT region thus requires detailed investigation of all these phenomena, and their coupling mechanisms and variability.
Although the mean winds of the MLT region have been measured by a wide variety of techniques, there have been comparatively few studies of sufficient duration to allow investigation of the variability and trends in the mean winds on decadal and longer time scales. Nevertheless, such studies are important because theoretical work indicates that the circulation of the MLT region may be influenced by long-term anthropogenic climate change and the 11-year solar cycle (e.g. Balachandran and Rind, 1995; Thomas, 1996; Arnold and Robinson, 1998) . Among the long-term studies reported are observations made by meteor radar (e.g. Merzlyakov and Portnyagin, 1999) , LF D1 measurements (e.g. Bremer et al., 1997; Jacobi, 1998; Jacobi et al., 2001 ) and MF radar (e.g. Namboothiri et al., 1994) . These studies have suggested that in addition to significant interannual variability, there exists decadal-scale variability which may include a solar cycle influence. In this study, we report observations made by meteor radar in the years 1988-2000 over the UK. In particular, we present measurements of the monthly-mean winds and seasonal-mean winds, and their variability and trends over this period. In Sect. 2, we give details of the radar, the data and the analysis. Section 3 will detail the results of the analyses and give a brief discussion of how they relate to other studies. Companion papers will report analyses of the behaviour of tides and planetary waves, using the same data set.
Data
The meteor radar used in this study was developed in the 1970s and at first was used only for short campaigns of observation. By the late 1980s, it was capable of continuous operation, and has operated in runs consisting of several years in duration ever since. Occasional interruptions in the data set were caused when the radar was moved to different sites within the UK, although all were near 52 • N. Throughout this time, the system hardware remained largely unchanged.
The radar is a pulsed system that produces two orthogonal, low-elevation beams which are used to derive zonal and meridional winds. A detailed description of the radar can be found elsewhere (Muller et al., 1995) . Occasionally, only one beam was available, and so separate orthogonal wind components could not be determined. Here we will consider only data recorded when two beams were available, allowing independent zonal and meridional wind components to be derived. In this work, we will consider data recorded in the interval between January 1988 to December 2000. Precise details of the location of the radar and the beam configuration at particular times are given in Table 1 . A schematic of the available data is presented in Fig. 1 .
During the majority of the period considered here, the radar operated without a receiver interferometer and so no height information about the individual meteor echoes was available. The measured winds are, therefore, considered representative of a height of about 90-95 km, which is the approximate height of the maximum meteor count rate (e.g. Mitchell et al., in press ).
Since the available data from the UK radar spans some 13 years, possible changes in the height of the meteor region over this period must be considered; in particular, possible changes connected to the 11-year solar cycle. Meteor radars do not depend on background ionisation present in the atmosphere, but rather on the ionisation caused by ablating meteoroids. The height at which ablation occurs is, in part, a function of atmospheric density. Changes in the height of density contours in the atmosphere may, therefore, produce changes in the height of the meteor region. In the absence of accurate height information, the possibility that significant variations in the height of the meteor region occur over the course of a solar cycle must be considered.
To investigate this further, density estimates in the 90-95 km height range were taken from the MSISE-90 model atmosphere (Hedin et al., 1991 ; also see http://nssdc.gsfc.nasa.gov/space/model/atmos/msise.html).
Comparing density values for every month in 1990 (solar maximum) and 1996 (solar minimum), it was found that the change in density from solar maximum to solar minimum is usually less than 2% and never greater than 6%. Given that the scale height in this region is about 4-6 km, even the greatest change in density from solar maximum to solar minimum would vertically displace contours of constant density by only approximately 100 m or less. Therefore, we conclude that there is no significant change in the height of the meteor region over this solar cycle.
Hourly-mean horizontal winds were calculated in each beam direction using a two-hour running Hamming window, incremented in one-hour steps. These were then combined in a vector addition to yield hourly zonal and meridional winds. The daily meteor count rate displays a strong diurnal variation (the dawn to dusk ratio is about 5:1) due to both the effects of beam geometry and astronomical variations. To avoid under-representing the afternoon and evening (the times of lowest count rate), which would affect the mean through the diurnal tide, a superposed epoch (or composite day) method was employed to calculate the monthly means for each component. In this method, for each hour of the day, a mean was taken of all the values for that hour over the month. This gave a mean diurnal course for that month.
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Results

Mean seasonal cycle
In order to determine the representative seasonal behaviour of the zonal and meridional winds at 52 • N, the monthlymean wind velocities for each month in the 13 years of data available were averaged. First, we will consider the results for the zonal wind. Figure 2a presents the monthly-mean winds measured between 1988 and 2000. The error bars indicate the standard deviation of the individual monthly means comprising each value. The figure shows a zonal wind that is positive (eastward) throughout the year except in spring to early summer. The annual course begins with a velocity of between 5-10 ms −1 in January and February, followed by a velocity near zero in March, followed by a short spring reversal which is strongest in April when wind speeds reach over 10 ms −1 westwards. Early summer sees the return of an eastward flow, which peaks in August at over 15 ms −1 and then weakens to less than 5 ms −1 in October, before returning to values between 5-10 ms −1 in November and December. The standard deviation shown by the error bars can be ∼ 50 − 100% of each mean value, indicating a high degree of interannual variability (see Sect. 3.2).
We will now compare the UK observations with the CIRA-86 and HWM-93 empirical model atmospheres. Figure 2b presents the CIRA-86 zonal winds for a height of 93.3 km and latitude of 55 • N. This height was chosen since it was close to the height at which the maximum meteor counts are detected. In comparison with the observations, the seasonal pattern of the CIRA-86 winds has two maxima, not one. The first maximum in the model occurs in April, when the velocity reaches about 30 ms −1 , whereas the observations at this time show a minimum of about −10 ms −1 . The second peak in the model occurs in September with a velocity of 25 ms −1 , while the observed summer maximum peaked a month earlier at around 15 ms −1 . The CIRA-86 winds are negative (westwards) in January and February. However, as evident from Fig. 2a , the observed reversal actually takes place at the spring equinox and in early summer. Similar discrepan- cies between observed winds and the CIRA-86 winds for the MLT region were also found by Manson et al. (1991) .
Figures 2c and 2d present the HWM-93 model zonal winds at 55 • N for heights of 90 km and 95 km, respectively. The main difference between the observations and the model winds at 90 km is that the strength of the summer model winds is less than observed; the model winds only reach 9 ms −1 . The weak winds of about 4 ms −1 observed at the autumnal equinox are also not evident in the model. However, the HWM-93 model at 95 km ( Fig. 2d ) agrees quite well with the observations in Fig. 2a . For instance, the maximum summer winds measured were 18 ms −1 in August and the model gives a maximum wind of 20 ms −1 in July. The major difference between HWM-93 at both 90 and 95 km and the observations is that the model winds become weaker but do not actually reverse, as observed at the spring equinox.
The general seasonal pattern of Fig. 2a has also been reported in other observations of the mid-latitude northern hemisphere. For example, Massebeuf et al. (1979) examined 6 years of data from a meteor radar at Garchy, France (47 • N, 3 • E) and Manson and Meek (1986) The observed meridional winds are shown in Fig. 3a . They are generally much weaker and more variable than the zonal winds. Again, the standard deviation of the individual monthly means used to derive each data point is indicated by the error bars. In the period between October and April, the mean meridional winds are poleward, but very weak and generally less than 2.5 ms −1 . However, in proportion to the magnitude of these velocities, the interannual variability as indicated by the error bars, is considerable, and equator-ward flow can occur in all months (see Sect. 3.2). The strongest winds are equator-ward and occur between May and August, after the early summer reversal. The strongest flow occurs in June when the 13-year mean reaches −8 ms −1 . The CIRA-86 model does not provide meridional winds, so comparison will only be made with HWM-93. The seasonal patterns of meridional wind given by HWM-93 are quite different between 90 and 95 km. At 90 km, the general form matches well the observed seasonal pattern; the minimum occurs at the right time of year, but only drops to −4 ms −1 , whereas the observed winds drop to −8 ms −1 , although the differences may not be statistically significant. At 95 km, the velocities are also very small in the HWM-93 winds but the direction of flow (poleward in summer, equator-ward in winter) is the opposite to that observed.
The meridional wind profiles at 93 km over Saskatoon in 1981 and 1982 presented by Manson and Meek (1986) show a similar pattern to the data presented in Fig. 3a, i.e. strongly equator-ward during the summer and weakly poleward for the rest of the year. However, the 16-year mean monthly meridional winds found at 88 km over Saskatoon and at 94 km over Collm (both near 52 • N) are equator-ward all year round (Jacobi et al., 2001) , although in the case of Saskatoon, this is not true at every height.
Both the zonal and meridional winds presented here agree well with the Global Empirical Wind Model of Portnyagin and Solovjova (2000) . The general observed pattern of zonal winds, with a spring minimum and a summer maximum, as well as the meridional winds, with low but positive velocities throughout the winter and a summer minimum, can be found in this model.
Interannual variability
The significant standard deviations displayed in the 13-year means of monthly wind in Figs. 2a and 3a indicate that there is considerable variability in the strength of the monthlymean winds from year to year. To investigate this interannual variability, we will consider the individual years of data.
Figures 4 and 5 present contours of all the available monthly-mean winds. The gap in the figures which covers part of 1994, the latter half of 1995 and most of 1996 results from occasions when data from only one aerial was available, and so zonal and meridional winds could not be determined. These figures provide a clear indication of how the monthlymean winds vary from year to year.
Considering the zonal winds of Fig. 4 , the seasonal course evident in Fig. 2a is seen to repeat every year. In all years, there is a reversal to strong westward flow in spring, with the strongest eastward winds occuring in August. The strength of the spring reversal and the winds in autumn and winter appear to vary irregularly on time scales of 3-5 years, possibly reflecting different levels of stationary planetary wave activity in successive years.
In contrast, the strength of the summer maximum appears to vary on a longer, decadal scale. The eastward flow in August varies over the years observed with a maximum of greater than 19 ms −1 in [1989] [1990] , and a second maximum of greater than 20 ms −1 in 1999-2000. An extended minimum, which reaches values as low as 11 ms −1 in 1997, separates these maxima (this behaviour is even clearer if the months July-September are considered). This decadal scale of variability will be considered in light of the solar cycle in Sect. 3.5.
An identical analysis of the monthly-mean meridional winds is shown in Fig. 5 . It is apparent from the figure that in every year, there is equator-ward flow in summer, although the duration and the strength of the episodes of equatorward flow vary greatly from year to year. For instance, in 1993, the flow is equator-ward from February to September and reaches values of −13 ms −1 , whereas in 1997, the flow is equator-ward only in July and is never stronger than −3 ms −1 . The summer flow appears to vary on a time scale of a few years. For example, there is an episode of strong equator-ward flow from 1990-1993, followed by an episode of weaker flow, lasting until 1998. In contrast, the strength and direction of the flow in the other seasons appears to fluctuate from year to year in a rather irregular fashion with time scales of 3-5 years. (81 • N) and 19 years over Molodezhnaya (68 • S). All these observations revealed significant long-term changes in the strength of the annual mean wind. Annual means of the UK data were calculated by averaging the monthly-mean wind values. The zonal and meridional annual-mean winds are presented in Figs. 6a and 6b , respectively. For the zonal annual winds, a linear fit yields a trend of (+0.37 ± 0.13) ms −1 yr −1 , with a correlation coefficient, R = 0.72, and a confidence level (calculated by Fisher's Z-transformation) of over 98%. Thus, we find an increase in the strength of the zonal wind over the period 1988-2000. In the case of the meridional winds, the analysis yields a trend of (+0.16 ± 0.10) ms −1 yr −1 (R = 0.50), with a confidence level of just less than 85%. This equates to a decrease in the strength of the equator-ward flow averaged over the whole year and a recent change to an annual average flow which is poleward.
In contrast, the long-term mid-latitude annual zonal means presented by Merzlyakov and Portnyagin (1999) revealed a systematic decrease in the strength of the zonal wind over the interval 1964-1995, with a rate of change of about 0.11 ms −1 yr −1 . However, we note that examination of the annual zonal means presented by these authors reveals that within this long-term decrease, a positive trend was observed from 1979-1995 over Collm/Kuhlungsborn. The Arctic and Antarctic results of Portnyagin et al. (1993) also revealed a systematic decrease in annual zonal winds of about 0.5 ms −1 yr −1 over the interval 1968 -1997 . Merzlyakov and Portnyagin (1999 also reported a significant systematic decrease in the strength of the annual-mean meridional flow over the period 1964-1995, from about −7 ms −1 to −2 ms −1 over Collm/Kuhlungsborn and from about −3 ms −1 to −2 ms −1 over Obninsk.
We should note that although long-term trends are evident in the long-term data sets discussed above, the level of variability is such that episodes of opposite trend can occur with durations of the order of ten years. The detailed structure of this variability probably reflects the many possible influences on the MLT region circulation.
Seasonal trends
The data presented in Figs. 4 and 5 suggest that the winds in each season may exhibit different types of interannual variability. In this section, we will investigate seasonal trends displayed in three-monthly seasonal means over the duration of the data set (the specific case of solar cycle variability will be considered in Sect. 3.5).
Three-monthly seasonal means were calculated for each year. Here we define spring as the period of March-May, summer as June-August, autumn as September-November and winter as December-February. In cases where only two monthly means were available in a particular season in a particular year (due to gaps in the data), the mean for the season was still calculated. However, if only one month was available, no seasonal mean was produced.
Figures 7a to d and 8a to d show the seasonal means of the zonal and meridional winds, respectively. A best-fit straight line for each data set is indicated on each figure. Table 2 lists the gradient of each line, the correlation coefficient and confidence level, as evaluated by the Fisher Z-transformation. We note that the gradients of all of these straight line fits are positive. However, here we will only consider those gradients with confidence levels in excess of 80%, i.e. zonal winds in summer and autumn and meridional winds in spring and autumn.
Comparing the zonal winds for all seasons (Figs. 7a to d), it is noticeable that in spring, autumn and winter, the seasonal means vary greatly from year to year. In contrast, in summer, over the period 1989-1997 there is a monotonic decrease in the winds, and the summer-mean winds change by less than 2 ms −1 from year to year. This period of steady decrease ends abruptly in 1997, after which the strength of the summer winds increases dramatically. Overall, the gradient for the summer zonal winds is (+0.47 ± 0.31) ms −1 yr −1 with a confidence level of 82%. The winds in autumn also increase with time at a rate of (+0.38 ± 0.20) ms −1 yr −1 with a confidence level of 88%.
Considering the meridional winds of Figs. 8a to d, it can be seen that in all seasons, there is a high degree of variability from year to year. Nevertheless, the decrease in the strength of the spring equator-ward winds at a rate of (+0.38 ± 0.21) ms −1 yr −1 reaches the 90% confidence level and the trend of (+0.29 ± 0.19) ms −1 yr −1 in the autumn winds reaches a confidence level of 82%.
A limited number of other studies have also considered the variability of seasonal-mean winds of the mesosphere on decadal and longer time scales. Merzlyakov and Port- N) and the LF D1 data recorded at 94 km over Collm (52 • N) did not reveal a systematic trend in the summer zonal winds. However, trends of about +0.18 ms −1 yr −1 were reported in the summer meridional winds over both sites.
Solar cycle effects
The UK data set is some 13 years in length and covers the solar maxima of 1989-1990 and 2000 and the solar minimum of 1996-1997. Although ideally, several solar cycles worth of data should be available for studies of solar cycle influence on the MLT region, it is nevertheless interesting to examine the data in light of a possible solar cycle connection.
The correlation coefficient between the detrended seasonal-mean wind (i.e. the residual winds after subtraction of the trends detailed in the previous section) and the seasonal-mean sunspot number was calculated for both the zonal and meridional wind components for all four seasons, yielding eight results. In two of these eight seasonal cases, correlations were found with confidence levels of about 98%, and in another two seasons, correlations with confidence levels of over 80% were found. The sunspot numbers and detrended winds with associated lines of best fit for these four most significant cases are presented in Figs. 9a to d. In summer, the correlation between the seasonally averaged sunspot number and the detrended zonal winds is +0.732 (Fig. 9a) . The correlation coefficient in the case of the meridional winter detrended seasonal mean winds is −0.677 (Fig. 9b) . Both of these results have confidence levels of around 98%. The correlation found between the seasonally averaged sunspot number and the zonal winter mean winds is −0.472 with a confidence level of 85% (Fig. 9c ) and that found with the zonal autumn winds is +0.508 with a confidence level of 83% (Fig. 9d) . The high confidence level in the correlation of the detrended summer zonal mean winds, as a function of the seasonal mean sunspot number (Fig. 9a) , reflects what may be seen in the contour plot of Fig. 4 , where the summer zonal mean wind is strongest near the solar maxima.
A number of other studies have also reported an apparent connection between the strength of the mesospheric mean winds and the solar cycle, although the results sometimes appear to be contradictory. For example, in the case of the zonal winds, Sprenger and Schminder (1969) found a positive correlation for winter months of [1957] [1958] [1959] [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] , between the zonal wind strength measured by the LF D1 method and the phase of the solar cycle. No summer data were considered by these authors. Bremer et al. (1997) considered LF D1 measurements made between 1964-1994 and also found a positive correlation between solar activity and the zonal prevailing wind in winter. These authors also found a negative correlation in summer, unlike that found in the present study. Jacobi (1998) also reported a negative correlation between the 13-month running mean sunspot number and the summer zonal wind measured by the LF D1 method for 1973-1996, but found no relationship with the winter zonal wind. considered MF radar data covering the years 1979-1990 and found a positive correlation with the zonal winter winds and a negative correlation with the zonal summer winds. Thus, in three of these studies (Sprenger and Schminder, 1969; Bremer et al., 1997) , the correlation coefficient between the zonal wind in winter and solar activity has the opposite sign to that reported here, and in one of these studies (Jacobi, 1998) , no significant correlation was reported.
In the case of the meridional winds, two of the above studies (Sprenger and Schminder, 1969 and Bremer et al., 1997) found a positive correlation between the meridional winter prevailing wind and solar activity, which is in disagreement with the negative correlation found here (Bremer et al., 1997 described the connection as being "slight"). All of these results therefore, disagree to some extent with those presented here, and at least in some respects, with each other.
In contrast, Merzlyakov and Portnyagin (1999) reported correlations of R = −0.425 between the zonal wind in winter and the sunspot number, which is in good agreement with our value of R = −0.472 (confidence level of 83%). Greisiger et al. (1987) also reported a negative correlation between the zonal winter wind and the solar cycle (measured by F10.7 radio flux), as observed here, but only between 1975-1976 and 1983-1984 , after which the behaviour changes again. However, Merzlyakov and Portnyagin also found a correlation of R = +0.42 between the sunspot number and the summer meridional wind, where no significant result was found in the present study.
Three important factors have to be considered in attempting to understand these differences. First, the upper-MLT region addressed by the various techniques is characterised by strong vertical gradients (and even reversals) in the strength of the mean flow, particularly the zonal wind. Changing the height at which measurements are made can therefore, change the measured winds, even if there was no actual variation in the winds themselves. The various techniques considered here have different responses to the changes that might 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 be anticipated in the MLT region over a solar cycle. This may change the height at which measurements are made. For instance, the height variation of LF D1 measurements near 95 km over a typical solar cycle is thought to be about 1-1.5 km (Jacobi, 1998) . Due to the shear in the zonal wind, this could contribute to an apparent dependence of zonal wind on solar activity up to about 3 ms −1 if the results were interpreted in the absence of height information, such as the measurements made at Collm before 1983. Note that the study of Jacobi (1998) was made with height information available, and so it is not subject to this effect.
Meteor-radar wind measurements made by systems without height finding (such as those used in the present study and by Merzlyakov and Portnyagin, 1999) reflect the vertical distribution of meteor echoes recorded by each particular radar. It is generally assumed that the winds from such radars are effectively representative of heights near the peak in the radio meteor distribution at heights of 90-95 km. However, as discussed earlier, it is not thought that significant changes in the height distribution of meteors (and thus the winds measured in the presence of a wind shear) occur over the solar cycle. MF radars operate with accurate height finding and so, are largely unaffected by the known changes in the reflection height over a solar cycle. Thus, in the case of the studies considered here, it is not likely that the differences can be explained as a result of differing instrumental response to solar cycle variations in atmospheric properties.
The second factor to be considered is that the various techniques actually measure winds at slightly different heights. For example, MF radars are generally regarded as producing their best data at heights below 90 km, whereas meteor radars without height finding produce winds representative of the 90-95 km range. If the solar cycle induces a change in the circulation of the atmosphere which varies as a function of height across the MLT region, then different techniques may record different responses, simply reflecting their measurement heights. Some modelling studies have indicated that the response of the middle atmosphere circulation to the solar cycle may vary with height, season and latitude. For example, Arnold and Robinson (1998) suggested that planetary wave activity is increased at times of solar maximum, and that this, in turn, affects the strength of the mean flow. In particular, they suggest that from solar maximum to solar minimum, the speed of the MLT region zonal flow, above the mesospheric jet in the summer southern hemisphere, may not change at all at heights of 75-80 km, but may change by up to 13 ms −1 at heights near 90 km. In other words, the response to the solar cycle may vary strongly with height across the MLT region. If a similar response occurred in the northern hemisphere, then this should certainly be detectable by MLT radars, but it would also mean that a difference of a few km in measurement height might yield significantly different levels of solar cycle response. Finally, differences between various studies may arise if different years of data are considered. This could also be the case if the response of the atmosphere to solar forcing changed from cycle to cycle. More significantly, the atmosphere may well exhibit a natural decadal-scale variability which is independent of the solar cycle. Evidence to support this view is provided by the 30 year long data set presented in Merzlyakov and Portnyagin (1999) . The zonal annual means, for example, display different trends within different subsections of the whole period of observation; there is no obvious repeated pattern throughout the entire period recorded.
Any solar cycle signature may be hidden by overlying natural variability and therefore may require observations over several decades in order to reveal its presence.
3.6 Quasi-biennial periodicities Kane et al. (1999) reported periodicities of about 2-2.9 years in mesospheric wind data measured by MF radar over Saskatoon. A 12-month running mean of zonal and meridional winds suggested peak values occurring approximately every 24-30 months. The authors interpreted this behaviour as a quasi-biennial oscillation (QBO) in the mesospheric winds.
A 12-month running mean was calculated for the zonal and meridional mesospheric winds recorded by the UK meteor radar. The results of this analysis are presented in Fig. 10 . As can be seen from the figure, although successive maxima and minima occur in the zonal 12-monthly mean winds between 1989 and 1993 with a spacing of around 2 years (e.g. the minima occurring in 1988, 1990 and 1992) , after 1993, this system disappears. The meridional 12-monthly running mean displays no apparent periodicity.
To further investigate possible periodicities of about 2 years in the data set, a Lomb periodogram analysis of the monthly mean winds was performed (Press et al., 1992) . This method is particularly useful here because it enables a spectrum to be calculated from an incomplete data set. The results of this analysis, presented in Fig. 11 , clearly show the annual and semiannual harmonics of the prevailing wind in both the zonal and meridional components, but reveal no sig-nificant signal at a period of around 2-2.5 years. A MEM spectrum analysis (not shown) yielded similar results.
Conclusion
Observations of zonal and meridional winds in the MLT region over the period of 1988-2000 have been made with a meteor radar near 52 • N in the UK. The data have been analysed to investigate the properties of the monthly-mean and seasonal-mean zonal and meridional winds. Generally good agreement was found with other mid-latitude studies when considering the average seasonal course of the prevailing winds. However, the pattern of winds observed is not well reflected in some models (e.g. CIRA-86 and HWM-93). In particular, the observed episode of monthly-mean westwards flow at the spring equinox is not present in these models, and the equator-ward flow measured in summer at 90-95 km occurs at a greater height than in HWM-93. Annual mean winds calculated for the 13-year data set are only a few ms −1 and have a positive trend: +0.37 ms −1 yr −1 for the zonal wind and +0.157 ms −1 yr −1 for the meridional wind. This result is in disagreement with the negative trends found in the 30-year study of Merzlyakov and Portnyagin (1999) , but most likely reflects a higher degree of decadal-scale variability superimposed on longer term trends.
When divided into seasons, the positive trends remain. For the zonal winds, the summer and autumn yielded significant (i.e. confidence levels over 80%) trends of +0.48 ms −1 yr −1 and +0.38 ms −1 yr −1 , respectively, and the meridional winds in spring and autumn show significant trends of +0.38 ms −1 yr −1 and +0.29 ms −1 yr −1 , respectively.
Correlations between solar activity (represented by sunspot number) and the seasonal means reveal correlation coefficients with confidence levels of 98% for the zonal winds in summer (R = +0.732) and the meridional winds in winter (R = −0.677). Two other correlations have confidence levels above 80%: the zonal winter winds, which display a correlation of R = −0.472, and the zonal autumn winds with a correlation of R = +0.508. Comparisons with other studies have revealed both agreements and disagreements. Given that the studies considered were made over a number of recent solar cycles, the disagreements may be a result of decadal-scale variability in the seasonal winds, unconnected to the solar cycle. The discrepancies between the various studies raise the question as to whether the apparent correlations with the solar cycle, reported here and elsewhere, reflect a genuine connection or merely a chance agreement between decadal-scale variability and solar activity.
Finally, Lomb periodogram and MEM spectrum analyses did not reveal a clear signature of the QBO in the wind data. All of these observations highlight the need for long-term measurements to unambiguously identify the roles of longterm trends, decadal-scale variability and solar cycle influence.
